Abstract: Due to the periodic contraction of the heart, a pulse-shaped course of the blood velocity is caused in the aortic system. The speed at which this pulse wave moves is called pulse wave velocity (PWV). Since it depends, among other parameters, on the elasticity of the vascular wall, it can be used clinically as an indicator of atherosclerotic changes and, above all, as a measure of the risk of stroke for hypertensive patients. PWV can be determined non-invasively if the blood flow in the aorta is measured via flow-sensitive MRI. Within the scope of this work, existing phase-contrast (PC) image analysis algorithms, resulting in the PWV, were embedded in a graphical user interface (GUI). These algorithms were only able to evaluate PC images which were acquired on a Philips tomograph. Therefore they have been extended for the analysis of PC images acquired on a Siemens tomograph.
Introduction
The periodic contraction of the heart does not cause a constant volume flow through the vascular system but rather leads to a pulse-shaped course of the flow velocity, depending on space and time, which propagates along the aorta. The velocity of this propagation is called Pulse Wave Velocity. Due to the periodic behaviour of the heart a pulse wave is created on every heartbeat. The elasticity of the arterial vessel wall influences the speed of the pulse wave. Therefore the PWV is used as a clinical indicator for reduced elasticity of the vessel wall due to degenerative changes like atherosclerosis [1] . In such cases, the stiffness would increase, resulting in a higher PWV [2] [3] . The PWV can be calculated if the blood flow rate at two different vessel locations is known or rather can be derived from measured data. Comparison of the time-dependent flow rate at both locations yields the temporal shift, Δ ,i.e. the time the pulse wave needs to travel between the first and second location. With given or rather derived course length, Δ , between both locations along the vessel, the PWV can be calculated by
Information about both time delay and vessel length can be obtained if the blood flow at least at two different locations in the aorta was measured with flow-sensitive MRI. Therefore the motion of the heart is used. The necessary data for an axial image at vessel location is sampled over different heart beats. The acquisition starts in the same heart phase and lasts for a constant period of time. Thus the acquisitions are ECGgated. This procedure is called CINE-Imaging and results in information about the velocity of blood, , within a vessel at location at time . By integration of over the cross-section, , of the vessel at time the volume flow rate (Fig. 3) , , can be calculated with
The temporal shift, Δ , can be determined by comparing the volume flow rates of the sections with respect to their temporal shift relative to each other. In order to calculate the volume flow rate of an PC-MRI image, flow velocity maps must be calculated from the PC images. This is necessary because PC-MRI images are usually stored normalized on an unsigned 12-bit interval, i.e. the stored pixel values do not represent the flow velocities. To handle this scaling, MRI manufacturers, here Philips and Siemens, have stored scaling parameters in the header file of each DICOM image.
Material and Methods
In this study existing algorithms for PWV-calculations of PC-MRI images were embedded into a graphical user interface. These algortihms were only usable for PC-MRI data measured with a Philips tomograph. In addition, those algorithms were unstable to wrong inputs, i.e the program was often aborted. Thus the main focus of this work was on the one hand the adaptation of the algorithms for Siemens PC-MRI data, and on the other hand improvement of the usability and stability. For this reason, the main functionality of the GUI is explained in this paper and usability improving features are discussed. The used datasets were provided by the clinic of radiology and nuclear medicine, Universitätsklinikum SchleswigHolstein. Reference [5] shows the validation of the algorithms for a Philips MR-data study including 7 patients.
MRI
In order to test the functionality of the GUI, flow-weighted datasets, recorded on a Philips Ingenia 3T system and a dataset recorded on a Siemens Magnetom Skyra 3T system were provided. Each data set consists of at least 2 different T1-weighted phase contrast (PC-MRI) image series, in which on the one hand images of the ascending aorta (AOA) and on the other hand images of the descending aorta (AOD) were acquired. These image series were generated with throughplane velocity encoding and an ECG-gated acquisition scheme. Additionally each data set contains one anatomic T2-weighted sagittal (Sag) overview image stack. Each image in the stack shows parts of the aorta due to acquisitions at different slice locations. Thus the whole aortic course is indirectly imaged by means of iteration through the stack. Imaging parameters vary with weight, breath holding capabilities, patient size and heart rate ( 
PWV Computing Tool
The PWV Computing Tool is a Matlab based software tool. This tool is divided into 3 separate GUIs, the Main Task, the Pre-Computing Tasks and the Calculation Tasks. When the program is executed only the Main Task GUI is started. Then the Pre-Computing Task GUI and the Calculation Task GUI are executed one after the other.
Pre-Computing Tasks
The Pre-Computing Tasks primarily reads and sorts desired files within a folder at a direction defined by the user. The given reading and sorting algorithm works well for Philips but not for Siemens PC-MRI data. This is caused by different parameters in the respective DICOM headers. In addition, the way in which the data is stored differs. Philips stores all images (either AOD or AOA) within the same folder. Siemens stores images in acquisition specific folders, i.e. they generate more than one image folder. Therefore a new, Siemens data-specific reading and sorting algorithm was designed. The images of each folder are sorted within each acquisition with respect to the frame order.
Calculation Tasks
To succsessfully calculate the PWV the user has to determine a center line within the anatomic T2 overview series, such that the path length between the PC-MRI slice planes can be obtained. To this aim, the user places points in the middle of the vessel course. The points are then connected to each other via spline interpolation. Via the intersection points of the center line with the slice planes of the PC-MRI series, the start and end points of the path are determined. On this basis the course length Δ can be calculated (Fig. 1) . Due to a change of location and size of the aorta within the image series, a region of interest (ROI) has to be placed in an initial image. Thus two options are implemented. The ROI can be adapted interactively or automatically to the vessel changes in each image (Fig. 2) . In case of the automatic adaptation an initial ROI is set in the first image at the vessel location. The ROI then adapts itself in size and location with respect to the vessel shape. This is done by a threshold based algorithm. First a median filter deletes outlier values. Then signal voids are closed and small intensitiy areas which connect between aorta and surrounding tissue are eroded by means of morphological operations. Two thresholds are set: one represents the maximum pixel value, the other represents the minimum pixel value inside the ROI. For each pixel inside the ROI, it is checked if pixel values of a 3x3 neighborhood are in between the two thresholds. For each pixel value where this is the case the pixel is added to the ROI. The adapted ROI is used as the initial ROI of the subsequent image ROI adaptation. In order to derive the blood velocity from a PC series, each blood velocity, blood,j , contained in a pixel must be multiplied by its corresponding pixel area A if the pixel to be considered is within the ROI, and zero otherwise. Mathematically this can be described by
which is the discrete version of (2 
for . It is possible to calculate the velocity values with (4) for PC-MRI data from both manufacturers. Thus the volume flow curve (Fig. 3) of a PC series with (3) can be obtained. To calculate the time shift Δ of the pulse wave between the chosen vessel locations, four different algorithms are implemented: time to peak (TTP, time to maximal flow), time to foot (TTF, time to intersection between a linear approximation of the 20-80% rising part of the curve and the zero line), time to upstroke (TTU, time to maximum in the rising part of the first derivation of the curve) [6] and the cross correlation (xcorr, measurement of the similarity of two series as a function of displacement) [7] . 
Results and Discussion
A GUI, based on already existing algorithms, was created. The previous tool was only usable for Philips 2D-MRI data. It was instable for wrong user input, in particular unexpected input. In addition, there was an impractical user guidance without instructions which informs the user about what to do next. In this respect, improvements have been implemented. The tool informs about incorrect inputs and provides an option to fix them. It provides information at all times about the current work step, as well as instructions on which inputs are expected so that potential sources of error can be minimized. In addition, an extension of the old and partly new algorithms was developed so that the tool can read and evaluate Siemens data. During the test runs the program ran stable. It remains to be seen whether the program remains stable for further Siemens data, which was not available during programming. An obvious error source is the adaptation of the varying vessel size and location by the user. The user has to ensure that no values outside the vessel are within the ROI so that the calculation has a minimized noise error. Because the size of every ROI has to be checked and one series includes up to 60 frames it is a protracted task. Therefore the user can get negligent and sets vessel surrounding information inside the ROI, resulting in incorrect calculations. This can cause the flow curves to be erroneous. To ensure a precise adjustment of the ROI to the vessel, this task would have to be extended from a user-dependent adaptation to an automatic adaptation. In this respect, an attempt was made in this work. The resulting algorithm is threshold based and partially able to differentiate between aorta and surrounding tissue. This is not an optimal solution because the grayscale values are very similar near the heart. It can lead to the fact that no boundary of the ROI to the surrounding heart tissue can be found by means of the implemented threshold value method. Thus the entire heart could be segmented (Fig. 5) . The algorithm works fine for images in which the grayscale values inside the aorta are clearly destinguishable from the surrounding tissue (Fig. 4) . Because such conditions do not often occur, the algorithm remains unstable. For a stable condition it needs to be extended or in particular redesigned as a non-threshold based algorithm.
Conclusion
A user friendly tool was developed to determine the pulse wave velocity based on Philips and Siemens PC-MRI data. Here, great emphasis was given to the demands and wishes of the physicians of the Clinic for Radiology and Neuroradiology. The validity and stability for Siemens datasets has not yet been properly verified. If there are no further problems, this tool will be used for clinical studies. In terms of stable automatisation, the tool remains in an extendable state. The basis for automatism has already been established.
